During Drosophila oogenesis, border cells perform a stereotypic migration. Slbo, a C/EBP transcription factor, is required for this migration. Here we identify Drosophila Stat92E (signal transducer and activator of transcription) in a screen for gain-of-function suppressors of the slbo mutant phenotype. By clonal analysis for Stat92E and hop (Drosophila JAK) mutants we find that the JAK/STAT pathway is required in border cells for their migration. The activating ligand for the pathway, Unpaired, is expressed in polar cells. Polar cells are specialized cells which can induce border cell fate in anterior follicle cells. On its own, ectopic expression of Unpaired can induce ectopic expression of border cell markers including Slbo. However, Stat92E mutant cells still express normal levels of Slbo protein, thus Stat92E must regulate other targets critical for border cell migration. q
Introduction
The egg chamber is the developmental unit in Drosophila oogenesis (Spradling, 1993) . One egg chamber consists of 16 germ line cells, 15 nurse cells and the oocyte, surrounded by a monolayer epithelium of somatic cells called follicle cells. Differentiation of the egg chamber requires multiple signaling events and cell interactions between and within cell layers. Extensive studies of oogenesis have led to a good understanding of a number of critical signaling interactions between germ line and soma (Ray and Schüpbach, 1996; van Eeden and St. Johnston, 1999; Lopez-Schier and St. Johnston, 2001) . Cell signaling within the follicular epithelium has been less well studied, but also appears to take place at multiple stages (Wasserman and Freeman, 1998; Peri and Roth, 2000) .
Egg chambers are initially formed in the germarium, which also contains the germ line and somatic stem cells. When an egg chamber buds off from the germarium, few somatic follicle cells show any specialization. The specialized cells are the two polar cells present at each end of an egg chamber (follicle) and the interfollicular stalk cells. Polar cells can be identified by expression of specific molecular markers in early as well as late egg chambers. Polar and stalk cells stop dividing before exit from the germarium (Margolis and Spradling, 1995; Tworoger et al., 1999) . The remaining follicle cells continue to proliferate, and differentiate after stage 6 when the egg chamber has its final complement of 700-1000 follicle cells.
From stage 9 of oogenesis, both marker gene expression and cell shape can be used to distinguish different follicle cell populations at the anterior end of the egg chamber (Spradling, 1993; González-Reyes and St. Johnston, 1998) . Most anterior are the border cells, consisting of the polar cells themselves plus about six immediately adjacent cells ('outer' border cells) . The border cells delaminate from the follicular epithelium as a tight cluster at the beginning of stage 9 and migrate between the nurse cells to the oocyte. Adjacent to the border cells are the stretch cells, which stretch very thin to cover the nurse cells. Finally the centripetal cells, which later will cover the anterior end of the egg, are located between the stretch cells and the columnar 'main body' follicle cells. Anterior follicle cell fates are repressed in the corresponding follicle cells at the posterior end of the egg chamber by prior Gurken-EGFR signaling from the oocyte (González-Reyes and St. Johnston, 1998) .
Several pieces of evidence suggest that polar cells play a key role in organizing the spatial pattern of follicle cell differentiation. First, the polar cell are the only visibly differentiated follicle cells in early egg chambers. Second, specification of the anterior follicle cell fates occur in concentric rings around them. When small groups of poster-ior cells are made unable to respond to the posteriorizing signal (Egfr mutant clones), they express anterior markers corresponding to their distance from the polar cells in a cell autonomous manner (González-Reyes and St. Johnston, 1998) . Finally, production of additional polar cells in very early egg chambers leads to production of additional migratory border cell when the chambers reach stage 9 (Forbes et al., 1996) . Since polar cells themselves do not contribute actively to border cell migration, but are carried along by the outer border cells (Han et al., 2000; Rørth et al., 2000) , this implies an inductive effect. However, no specific signaling molecules have been identified in polar cells which might serve to instruct the surrounding follicle cells of their fate.
Because migration of border cells is well-defined both in terms of migrating cells and their substrate, it has become a very useful model system for studying cell migration during development. Migration of border cells is required for proper shape of the micropyle in the resulting egg and therefore for female fertility (Montell et al., 1992) . The migration is guided by ligands for PDGF/VEGF receptor and for EGFR . A number of other genes required for border cell migration have been identified and these include regulators of transcription (Montell et al., 1992; Bai et al., 2000; Liu and Montell, 2001) . Thus there may be a specific genetic program responsible for making border cells migratory. If there is, we would like to know what the program does (what the target genes are), and how the program is turned on in the right cells.
The first molecular information about transcriptional control of border cells differentiation and migration was provided be the cloning of slow border cells (slbo) (Montell et al., 1992) . slbo encodes the Drosophila homologue of the mammalian C/EBP transcription factors. Slbo is specifically expressed in border cells just before and as they migrate, and later in centripetal cells. Slbo is absolutely required for border cell migration and as expected acts cell autonomously (Montell et al., 1992; Rørth et al., 2000) . However, Slbo expression is not sufficient to convert other follicle cells into migrating cells. Thus understanding the transcriptional program of border cell differentiation, and thereby border cell migration, requires identification of factors which act together with Slbo. Here we report the identification of the transcription factor Stat92E in a screen for genes interacting with slbo. We find that the JAK/STAT pathway is required in border cell for their migration and can act both upstream of and in parallel to Slbo. The JAK/STAT pathway is activated by the secreted factor Unpaired (Upd) which is specifically expressed in polar cells. Thus Upd is a good candidate for a signal which organizes radial pattern from the polar cells. Our results also indicate that additional signal(s) are likely to contribute to patterning of follicle cell fates.
Results
In order to identify genes which might interact with Slbo in control of border cell migration, we carried out a gain-offunction suppression screen essentially as described previously (Rørth et al., 1998 (Fig. 1A) . Migration was quantified by scoring all stage 10 egg chambers. The presence of EPg31485 reproducibly resulted in twice as many egg chambers with migration as the control sample (Fig. 1B) , identifying EPg31485 as a weak slbo suppressor. DNA analysis revealed that EPg31485 was inserted in the large first intron of the Stat92E gene (also called marelle), oriented such that it would drive Gal4 dependent transcription of the Stat92E gene (Fig. 1C) . The suppression of the slbo phenotype by EPg31485 was dependent on the presence of the border cell Gal4 driver SlboGal4, indicating that the effect was due to increased expression of Stat92E in border cells (Fig. 1B) .
The suppression result suggested that Stat92E might normally play a role in border cell migration. To determine where Stat92E was normally expressed, we first performed in situ hybridization on ovaries. At mid-oogenesis, the Stat92E specific (anti-sense) probe gave a signal in both follicle cells and the germline ( Fig. 2A ) which was not seen with the control (sense) probe (Fig. 2B ). This result did not clarify where Stat92E might be acting, especially as uniform staining is hard to distinguish from background staining. The Stat92E mutant Stat92E 06346 is a lacZ enhancer-trap (PZ) insertion in the first intron of the Stat92E gene (Hou et al., 1996) . b-Galactosidase expression from this enhancer-trap appears to reflect some but not all aspects of STAT expression (Zeidler et al., 1999) . b-Galactosidase expression was detected throughout the follicular epithelium ( Fig. 2C ), supporting that Stat92E itself is expressed at least in follicle cells.
Since a Stat92E loss-of-function mutant was available, we could test directly whether Stat92E was required for border cell migration by clonal analysis. In wild-type, border cells have always completed their migration by late stage 9 or stage 10. In contrast, border cells mutant for Stat92E had not even initiated migration in late stage 9 or stage 10 egg chambers (Fig. 3A ,B, n ¼ 4). As observed for slbo mosaics , cluster with mutant outer border cells and wild-type polar cells behaved as a fully mutant cluster, indicating Stat92E is required in outer border cells. Since Stat92E is a transcription factor and migration is a differentiation function of border cells, we infer that Stat92E regulates border cell specification and/or differentiation. The Stat92E mutant border cells clusters were found at the anterior tip (Fig. 3A) , or displaced along the side of the egg chamber ( Fig. 3B ), but not between nurse cells or at the oocyte. Displacement of the border cell cluster was only observed when flanking stretch cells were mutant as well, suggesting that the border cells might be passively displaced by non-uniform stretching of surrounding cells. Clones of mutant stretch cells were in some cases thicker than normal, in other cases they looked normal. Mutant centripetal cells appeared normal in morphology and movement. Thus Stat92E may have a minor role in other follicle cells and is absolutely required for border cell migration.
Stat92E is a member of the STAT (signal transducers and activator of transcription) family of transcription factors (Sweitzer et al., 1995; Yan et al., 1996; Hou et al., 1996) . Sequencing of the complete Drosophila genome, indicates that Stat92E appears to be the only STAT. STAT proteins can be activated by phosphorylation by Janus kinases (JAKs) associated with membrane receptors, for example cytokine receptors. STAT activity is thereby controlled by the presence of an activating ligand for the receptor. Drosophila Stat92E is activated by a Janus kinase (JAK) called hopscotch (hop) (Binari and Perrimon, 1994) . Presence of the extracellular ligand Unpaired (Upd), also called outstretched (os), activates the pathway (Harrison et al., 1998; Sefton et al., 2000) . Upd appears to act over several cell diameters (Zeidler et al., 1999) , but the membrane receptor for Upd has not been characterized. All effects of Drosophila Stat92E studied so far appear to involve use of this canonical JAK/STAT pathway (Zeidler et al., 2000) . However, in mammalian tissue culture cells, STAT proteins can also be activated by other tyrosine kinases, such as EGF receptor (Coffer and Kruijer, 1995; David et al., 1996) . Since EGFR plays a role in border cell migration , we wanted to determine whether or not the requirement for Stat92E in border cells reflected a requirement for the canonical JAK/STAT pathway. Clonal analysis was performed using a strong hop mutant. As observed for Stat92E, hop mutant border cell clusters fail to migrate (Fig. 3C,D, n ¼ 3) . One mutant border cell cluster associated with mutant stretch cells was displaced, similar to the STAT clones (Fig. 3D ). This indicates that the canonical JAK/STAT pathway is required for border cell migration.
Finding that Stat92E and hop were required for border cell migration, immediately raised the question of where the activating ligand, Upd, was expressed. Whole-mount in situ hybridization with an anti-sense Upd probe showed a very specific pattern (Fig. 4A) . Upd expression was detected in anterior and posterior polar cells from early egg chambers and throughout oogenesis. This pattern of expression suggested that Upd protein secreted by polar cells might act on adjacent border cells, through hop and Stat92E, to direct proper differentiation and migration.
To determine whether Upd expression and consequent JAK/STAT pathway activation in surrounding cells was sufficient to turn on border cells markers and differentiation, we induced broader expression of Upd using slboGal4 driver and UAS-upd (Fig. 4B ). This did not overtly change the number of migratory border cells, but clearly affected border cell specific gene expression. Slbo protein is normally restricted to the migrating border cells at stage 9 (Fig. 5A) . Upon ectopic Upd expression Slbo was detected in additional follicle cells (Fig. 5B) . LacZ expression from an enhancertrap in the slbo locus (slbo
1310
) was also induced in these additional cells (Fig. 5A 0 ,B 0 ). The additional Slbopositive cells were stretch cells, which extend quite a distance from the border cells to cover the nurse cells (Fig. 5D ). Thus the effect of Upd misexpression on Slbo was non-cell autonomous, as expected for a secreted factor and transcriptional, as expected for effects mediated by a JAK/STAT pathway. Another marker for border cells, the 5A7 enhancertrap (Roth et al., 1995) was also ectopically expressed in response to Upd misexpression (Fig. 5E,F) . Thus Upd expression, and by inference JAK/STAT activation, was sufficient to induce expression of Slbo and at least one other border cell marker.
The dominant effect of ectopic Upd expression on Slbo provides an explanation for why EPg31485 (EP-Stat92E) was identified as a gain-of-function suppressor of the slbo phenotype (Fig. 1) . We have previously found that overexpression of proteins which moderately increase Slbo protein levels efficiently suppress the slbo 1310 mutant phenotype . Although activation of STAT proteins requires phosphorylation, simple overexpression of Stat92E in border cells might slightly increase the amount of active Stat92E and thereby the transcriptional output from the JAK/STAT pathway. This could cause enough increase in Slbo levels to account for the mild suppressor effect. Strong activation of the pathway, for example by Upd overexpression, can cause delays in border cell migration (data not shown). Similarly, overexpression of the Slbo transcription factor itself is deleterious to border cell migration .
Since the transcription factor Stat92E was required for (Fig. 6A) . To see if Slbo proteins levels might be more subtly affected, we looked at border cell cluster in which only some cells were mutant, allowing a direct comparison of protein levels. No obvious difference was seen between Stat92E mutant and heterozygous border cells (Fig. 6B) . It is possible that very low levels of Stat92E is sufficient for Slbo expression as the Stat92E allele used in these studies may not be a null allele and protein may persist in somatic clones. However, it is clear that the observed effects of Stat92E mutant clones on border cell migration is not due to effects of Stat92E on Slbo expression. Stat92E must be required for expression of other genes important for border cell migration. In addition to affecting border cells, Upd could act more generally to pattern anterior follicle cell fates. Upd is expressed in the central polar cells. In other epithelia such as the eye disc, Upd may act over many cells diameters (Zeidler et al., 1999) . High level stimulation of the downstream JAK/STAT pathway by Upd overexpression led to induction of the most anterior cell markers (border cell markers). One possibility is that Upd acts as a morphogen in radial patterning of anterior follicle cells. Another possibility is that JAK/STAT pathway activation acts as a permissive signal, mainly in border cells, and another mechanism sets up the radial pattern. If Upd acts as a morphogen, then the JAK/STAT pathway should be required cell autonomously not just for border cell fate but also for the more 'distant' follicle cell fates: stretch cells and centripetal cells. Clonal analysis showed that hop and Stat92E mutant stretch and centripetal cells were often specified correctly as judged by the characteristic cell shape changes (data not shown). However, in some cases, mutant stretch cells were clearly abnormal (see for example Fig. 3D ). Thus the JAK/STAT pathway may play a role in stretch cell differentiation, and possibly centripetal cell differentiation as well, but is not essential for these cells.
In conclusion, the JAK/STAT pathway is specifically required in border cells, and Upd induced activation of the JAK/STAT pathway may have additional roles in patterning the follicular epithelium at mid-oogenesis. 
Discussion
By analysis of Stat92E and its upstream regulators, we have found that the JAK/STAT pathway plays an important role in the regulation of border cell differentiation/migration. Analyses of the interaction of Stat92E with Slbo, another transcription factor required for border cell migration, has indicated that the spatial control of border cell fate is somewhat complicated. In the following, we will discuss the roles of STAT and Slbo, their interactions, and the evidence for additional signals.
Production of ectopic polar cells by exposing early egg chambers to increased Hedgehog expression appears sufficient to induce ectopic migrating border cells at stage 9 (Forbes et al., 1996) . We have repeated these experiments and found that, as expected, the slbo-lacZ enhancertrap was induced in extra migrating clusters at stage 9 (data not shown). Similar ectopic border cell clusters have been observed in egg chambers with clones of follicle cell mutant for costal2, a negative regulator of the Hedgehog signal transduction pathway (Liu and Montell, 1999) . Thus the presence of polar cells, and absence of posteriorizing signal from the oocyte, may be sufficient for the induction of border cells at the appropriate developmental stage. What signals from polar cells may be responsible for induction of border cell fate in adjacent follicle cells?
There is good evidence that Upd is a key signal from polar cells: Upd is specifically expressed in polar cells and acts non cell autonomously; ectopic expression of Upd induces two border cell markers; and the JAK/STAT pathway is required in border cells. Previous studies of the JAK/ STAT pathway in Drosophila have indicated that Upd expression induces Stat92E activation through the JAK kinase hop and that the effects of Upd can be explained in this manner (Zeidler et al., 2000) . We found that ectopic expression of Upd induced ectopic expression of Slbo. Since the JAK/STAT pathway was required in border cells and thus must be active there, Upd regulated Stat92E may normally contribute to Slbo up-regulation in border cells. However, given that the Stat92E mutant affected border cell migration without affecting Slbo expression, the JAK/STAT pathway may not be required for Slbo expression. One reasonable explanation is that another signal from polar cells contributes to activation of Slbo in border cells. This upstream signal may by itself be required for Slbo expression or may act redundantly with Stat92E. The additional signal may be a novel effect of Upd, not mediated by the JAK/STAT pathway. However, given the inability of Upd to convert stretch cells to border cells (see below), we think it is more likely simply a different signal. Irrespective of its potential effect on Slbo, the effect of Stat92E mutant clones shows that other targets of Stat92E must be critical for border cell migration.
Just as ectopic Slbo expression is not sufficient to convert other cells into border cells , Upd misexpression and ectopic activation of Stat92E was also not sufficient to convert stretch cells into migrating border cells (Fig. 5) . In the latter situation, the stretch cells experience both Stat92E activation and Slbo expression. The stretch cells nevertheless do not assume border cell fate. This has several possible explanations: The signal invoked above as upstream regulator of Slbo may, in addition to Slbo, have other target genes required for migration which are not being induced by Upd. Alternatively, there may be yet another signal from polar cells which is required for border cell differentiation. While we favor one of these two explanations, there are other possibilities. The stretch cells may already have been specified at the time of ectopic Upd expression, and thus be refractive to additional induc- In addition to the spatial signal discussed above, a temporal signal must turn on expression of Slbo and other markers at the right stage. Upd and other polar cell markers are expressed in polar cells from earlier stages. Yet normal polar cells, or Hedgehog-induced ectopic polar cells, only induce border cells and border cell markers at stage 9. The temporal signal(s) may either modify polar cell signals to make them functional at the right stage, or act directly on border, stretch and centripetal cells to influence expression of target genes. Given the early expression of Upd and given that marker genes are induced in follicle cells with somewhat different temporal profiles, we favor the latter scenario.
Two known candidates for supplying temporal signals are late Delta/Notch signaling and hormonal regulation (ecdysone). Analysis of a temperature-sensitive Notch allele showed that Notch was required for Slbo expression (González-Reyes and St. Johnston, 1998). It has recently been shown that signaling by germ line Delta to Notch in follicle cells is required for proper differentiation of all follicle cells after stage 6 (Lopez-Schier and St. Johnston, 2001). Although required for differentiation, the direct effect of Delta/Notch signaling at stage 6 is unlikely to explain the onset of Slbo expression at stage 8/9. But a cascade of events initiated at stage 6 might indirectly lead to expression of differentiation markers 16-24 h later. There is also evidence that some stage specific gene expression in egg chambers is regulated by the hormone ecdysone (Buszczak et al., 1999; Carney and Bender, 2000) . In addition, the ecdysone receptor, EcR and its partner, Usp, appear to be required for border cell migration (Bai et al., 2000) . One experiment in this study suggested that ecdysone regulated timing of border cell migration, but apparently not timing of Slbo expression. Hormone application required additional ectopic expression of Slbo to induce premature border cell migration (Bai et al., 2000) . Thus the temporal regulation of anterior follicle cell differentiation may also have multiple components. Given that the stages of oogenesis are wellstudied, this will be an interesting system in which to determine how temporal and spatial regulation of differentiation is coordinated.
Drosophila Stat has been shown to control many different developmental processes (Zeidler et al., 2000) . Here we add to that list the control of cell migration. Mammalian STAT proteins can also control many different types of differentiation responses, including induction of epithelial tubules by the growth factor HGF (Boccaccio et al., 1998) . There is also evidence for effects of mammalian STAT proteins on cell migration (Hirano et al., 2000) . It will be interesting to see if the downstream effects of STAT on migration and cell shape changes are similar in the different systems. If so, this should help us elucidate general features of transcription program(s) leading to cell migration.
Experimental procedures
The slbo suppression screen was done as described in (Rørth et al., 1998) , but using an EPg element (Mata et al., 2000) which is a derivative of the EP element (Rørth, 1996) . In the EPg slbo suppression screen, 3500 3rd chromosome EPg insertions were analyzed. Plasmid rescue of EPg 31485 and sequencing of flanking DNA showed that EPg 31485 is inserted in the first intron of the Stat92E gene, 2175 basepairs downstream of first exon (according to GadFly, release 2). This was verified by Southern blot analysis.
Mutant follicle cell clones were generated using the FLP/ FRT recombination system (Golic, 1991) and the FRT insertions described in (Xu and Rubin, 1993 ). An FRT82, PZstat92E recombinant chromosome was generated, checked by deficiency crosses, and used for clonal analysis. Somatic recombination was induced by applying heat shock to females of the genotype hsFLP/1; FRT82, PZstat92E/ FRT82, ubiquitinGFP (stat92E) and; hop C111 ,FRT18/ ubiquitinGFP, FRT18; hsFLP/1(hop)4 days prior to analysis. UAS-upd and FRT18, hop C111 stocks were obtained from Martin Zeidler and PZstat92E (Stat92E 06346 ) from the Bloomington Stock Center.
For Xgal staining, ovaries were dissected in EBR, fixed in PBS 1 0:5% glutaraldehyde, washed with 0.1% Triton X-100 in PBS (PT) and stained with Xgal in buffer (10 mM NaH 2 PO 4 /Na 2 HPO 4 (pH7.2), 150 mM NaCl, 1 mM MgCl 2 , 3.1 mMK 4 (Fe II (CN) 6 ), 3.1 mMK 3 (Fe III (CN) 6 ), 0.3% Triton X-100, 0.2% X-Gal) for 3 h at 378C.
For antibody and phalloidin staining of ovaries, fixation was done with 4% paraformaldehyde in PBS and all washes in PT ð15% normal goat serum in antibody incubations). Primary antibodies were: anti-Slbo (Montell et al., 1992) , mouse anti-b-galactosidase (Promega). Fluorescent secondary antibodies were from Jackson ImmunoResearch and rhodamine-phalloidin from Molecular Probes. All images were captured using a confocal microscopy (Leica).
In situ hybridization was performed on paraformaldehyde fixed ovaries, without proteinase K treatment (protocol available on request). Digoxygenin-labeled RNA probes corresponding to the unpaired or Stat92E cDNAs were used as probes.
